The stem cell transcription factor Sox2 is highly expressed in many cancers where it is thought to mark cancer stem cells (CSCs). In osteosarcomas, the most common bone malignancy, high Sox2 expression marks and maintains a fraction of tumor-initiating cells that show all the properties of CSC. Knockdown of Sox2 expression abolishes tumorigenicity and suppresses the CSC phenotype. Here we show that, in a mouse model of osteosarcoma, osteoblast-specific Sox2 conditional knockout (CKO) causes a drastic reduction in the frequency and onset of tumors. The rare tumors detected in the Sox2 CKO animals were all Sox2 positive, indicating that they arose from cells that had escaped Sox2 deletion. Furthermore, Sox2 inactivation in cultured osteosarcoma cells by CRISPR/CAS technology leads to a loss of viability and proliferation of the entire cell population. Inactivation of the YAP gene, a major Hippo pathway effector which is a direct Sox2 target, causes similar results and YAP overexpression rescues cells from the lethality caused by Sox2 inactivation. These effects were osteosarcoma-specific, suggesting a mechanism of cell "addiction" to Sox2-initiated pathways. The requirement of Sox2 for osteosarcoma formation as well as for the survival of the tumor cells suggests that disruption of Sox2-initiated pathways could be an effective strategy for the treatment of osteosarcoma.
Introduction
The initiation and development of tumors is determined by multiple factors, including genetic and epigenetic events, and the expression of genes that control the nature and fate of the original target cell. The transcription factor Sox2, which plays a major role in development and in controlling the embryonic stem cell state, is also highly expressed in many cancers where it is thought to mark cancer stem cells (CSCs) [1] [2] [3] [4] [5] [6] . In osteosarcomas (OSs), the most common bone tumor [7] , high Sox2 expression marks and maintains a variable fraction of tumor-initiating cells that show all the properties of CSCs, including high expression of stem cell antigens, ability to form colonies in suspension, high expression of proliferation genes, and a blockage in osteoblastic differentiation with a concomitant retention of the ability to enter the adipogenic fate. Such properties are absent in the low Sox2, non-CSC population that are not tumorigenic and can be easily induced into osteoblastic differentiation [3, 6, 8] , Knockdown (KD) of Sox2 expression by short hairpin RNA (shRNA) abolishes tumorigenicity in mouse xenografts and Sox2 KD cells behave very similarly to the non-CSC fraction of the tumor cell population [6] . It was not known, however, whether Sox2 was necessary for tumor initiation in vivo or whether OSs can arise from cells that do not express Sox2. In this report, we show that, in a mouse model of spontaneous OS, osteoblast-specific Sox2 knockout (KO) causes a drastic reduction in the frequency and onset of tumors. The tumors that did occur in the Sox2 conditional KO (CKO) animals were all Sox2 positive, and no Sox2-negative tumor was ever identified. Furthermore, Sox2 inactivation in cultured OS cells using clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein-9 nuclease (CAS) technology leads to loss of viability and proliferation of the entire cancer cell population, including CSC and non-CSC cells. Inactivation of the YAP gene, a major Hippo pathway effector [9] [10] [11] which is a direct Sox2 target [8, 12] , causes similar results and YAP overexpression rescues cells from the lethality caused by Sox2 inactivation. Thus Sox2 is required for OS initiation or development in a mouse tumor model and Sox2 as well as its YAP target are essential for the survival and proliferation of OS cells. Fig. 1 Sox2 deletion is incompatible with OS development. Animal model: the animal model employed to assess the effect of SOX2 deletion on spontaneous osteosarcoma development was obtained from Dr S. H. Orkin, Harvard Medical School, Boston, MA. In this model, the mice have a floxed (fl) RB and P53 that is specifically deleted in the osteoblast lineage by introduction of an OSX-Cre allele (Osterix-driven transgene expressing the Cre recombinase) [14] . The SOX2 floxed mice were obtained from Dr Silvia Nicolis, Bicocca University, Milan and have been previously described [15] . The mice were bred in a C57Bl/6 background for several rounds to obtain SOX2-deleted (flox/flox) mice in a P53-null, RB-null, OSX-Cre-expressing background. Animals genotyped by tail DNA PCR analysis were observed twice a week for spontaneous tumor development. Animals with spontaneous tumors were sacrificed and identified by number only. Genotypes were blinded to the observing researcher. SOX2-deleted animals (n = 20) were compared with SOX2 heterozygous or wild-type animals (n = 49) in the RB-and P53-null backgrounds and each animal was plotted as a time point. Cre-bearing animals with increasing homozygosity for the three floxed alleles were assessed for the appearance of spontaneous osteosarcoma (OS). a Kaplan-Meier survival plots. Kaplan-Meier plots were generated and statistical analysis of p-values were determined by one-way ANOVA using GraphPad Prism. Red arrows indicate animals with OS that were harvested and found to be positive for SOX2 expression. Power analysis for the proposed animal numbers was computed to achieve significance of p < 0.05 (error probability *) and 80% power (G power 3.1 power analysis program). b Spontaneous tumors in a Sox2 CKO background are positive for Sox2 expression. Representative immunohistochemistry staining on two tumors arising in a Sox2 flox/flox genetic background using anti-Sox2 antibody. Magnification 20×
Results and discussion
RB and p53 KO in the mouse osteoblast lineage induce a very high incidence of OSs, which occur early and frequently metastasize to other tissues and organs [13, 14] . We therefore tested whether the CKO of Sox2 in the osteogenic lineage affected the insurgence of OSs in this mouse tumor model. We bred mice with 'floxed" Rb, P53, and Sox2 genes combined with an Osterix (OSX)-driven transgene expressing the Cre recombinase in the osteogenic lineage to Following infection, the cells were grown in the presence of puromycin (2 μg/ml) at low density and the Sox2 locus was sequenced at every culture passage. a gRNA sequence used to target Sox2 (PAM sequence is in red). b Following infection, DNA was harvested and amplified by PCR with specific primers for the Sox2 region (FW: 5′-GAAGCGGCCGTTCATCGACG-3′, RV: 5′-GTGCTGGGCCATGTGCAGTC-3′). The PCR products were purified and sequenced and alignment data were analyzed by the ClustalW software. The sequence of one part of the amplified Sox2 exon is shown compared to the wild-type murine sequence. Sequence tracing of first passage cells (T0) shows a clearly mixed cell population with numerous alterations in the Sox2 sequence starting around the region targeted by the gRNA. After four culture passages (T4), the sequence is undistinguishable from wild type. c Mixed DNA sequence deconvolution using the TIDE software [31] shows the percentage of cells with deletions and insertions at T0 and T4; at least 77% (p < 0.001) of cells showed deletions and insertions within the Sox2 region at T0 and only 4.5% of cells expressed a wild-type sequence. At T4, 100% (p < 0.001) of cells contained Sox2 wild-type DNA sequences without deletions or insertions. Methods: the mOS cell lines were previously described [6, 14] . Lentiguide-Puro/LentiCas9-Blast (two vectors system) was purchased from Addgene and used following the manufacturer's instructions. Lentiguide-Puro plasmids express gRNA and puromycin resistance, while a separate lentiviral construct LentiCas9-Blast that delivers hSpCas9 and blasticidin resistance was used to first integrate Cas9 into mOS-202 and 3T3 cell lines. Lentiviruses were generated as previously described [12] . Briefly, the Lentiguide-Puro vector was digested using BsmBI enzyme, and a pair of annealed oligos were cloned into the single guide RNA (gRNA) scaffold. Lentiviral transfer plasmids were transformed into Stbl3 bacteria, purified using the MaxiPrep Kit (Qiagen), and DNA concentration was evaluated by Nanodrop (Thermo Fisher Scientific). To make lentivirus, the transfer plasmids Lentiguide-Puro and LentiCas9-Blast were cotransfected into HEK293FT cells with the packaging plasmids PLP1, PLP2, and VSVG. To evaluate lentivirus concentration, the virus's ability to induce puromycin resistant colonies was determined in mOS-202 and HEK293FT cell lines. To obtain cell knockout for Sox2, mOS-202 cells expressing CAS9 were infected with lentiguide viral vectors carrying resistance to puromycin and a gRNA targeting Sox2 (5′-CTACGCGCACATGAACGGC-3′) in the presence of 8 mg/ml polybrene for 24 h obtain the desired genotypes. We compared Cre-bearing mice with identical Rb and p53 genotypes in a background of wild-type or floxed (deleted) Sox2 CKO alleles. In all the genotypes examined, tumor formation was greatly reduced in the Sox2 CKO mice, and their appearance was delayed (Fig. 1) . Animals bearing a wild-type allele of Sox2 had reduced survival due to spontaneous OS development compared with animals where Sox2 was deleted, and this was true for all genotypes examined (Fig.  1a) . Since Cre-mediated excision of floxed Sox2 (as well of Rb and p53) is not 100% efficient and these animals are largely mosaic, a reduction but not a complete suppression of tumor incidence was not surprising. Indeed, we did find tumors arising in the Sox2 CKO animals. When examined (red arrows in Fig. 1a) , these tumors were uniformly Sox2 positive (Fig. 1b) . No Sox2-negative tumor was ever isolated.
The absence of tumors in the Sox2 CKO mice could be due to the inability of the cell that is targeted by the initial transforming event to maintain or establish a CSC phenotype or to some proliferation defects in the otherwise transformed cell clones. In our previous experiments aimed at determining the importance of Sox2 expression for the adult stem cell state [15] , we had observed that Cremediated deletion of the Sox2 gene in preosteoblasts or mesenchymal stem cells (MSC) led to exhaustion of proliferative capacity with the appearance of a senescent-like phenotype. In contrast, Sox2 KD in OS cells produced cells that grew more slowly, exhibited a more differentiated phenotype with activation of the tumor-suppressive Hippo pathway and of the osteogenic Wnt pathway, but were still capable of indefinite propagation in culture [6] . This different response could have been due to the fact that, while Cre-mediated Sox2 deletion in osteoblasts led to total suppression of Sox2 expression in each affected cell, shRNA-mediated KD produced a significant but not complete loss of Sox2 activity in OS cells. Alternatively, it could have reflected the different nature of adult stem cells such as preosteoblasts and MSC and that of CSCs. Normal adult multipotent or unipotent stem cells are relatively quiescent and tend to divide asymmetrically but are not immortal. In contrast, CSCs tend to divide symmetrically and have unlimited self-renewal capacity. In this view, loss of Sox2 expression could induce distinct fates in adult stem cells and CSCs.
To answer this question, we introduced inactivating deletions in the Sox2 gene in murine OS (mOS) cells [6, 14] using CRISPR/CAS technology [16] and determined their effect on cell proliferation and ability to form colonies in culture. Initially, we introduced the Cas9 nuclease and Sox2 guide RNA (gRNA) into mOS cells by plasmid transfection and observed a considerable reduction in the number of colonies formed by the targeted population with respect to controls. Since OS cells are not easily transfectable, we created mOS cell lines constitutively expressing CAS9 and then introduced gRNAs using lentivirus vectors into these cells. The gRNAs were designed to create deletions in the single exon of the Sox2 gene. Following the introduction of these gRNAS in 202 CAS9 mOS cells, sequencing of the Sox2 region in the initial polyclonal cell population selected for gRNA expression showed clear evidence of a mixed population, containing wild-type cells and cells with variable-length indels in the Sox2 exon (Fig. 2) . These mixed cell populations were propagated in culture for 4-5 passages and the Sox2 DNA region sequenced at every passage. By the fourth passage, the Sox2 DNA sequence showed no evidence of deletions or mutations and was undistinguishable from the wild type, suggesting that Sox2-deficient OS cells are strongly selected against during proliferation in culture. (Fig. 2) .
To better understand and quantitate this result, we coinfected 202 CAS9 cells with lentivirus vectors encoding the gRNA for thymidine kinase (TK) together with an excess of lentiguide vectors targeting Sox2. TK deficiency makes cells resistant to bromodeoxyuridine (BrDU) [17] , and thus infected cells were selected for colony formation in the presence of BrDU. We assumed that the ability of these cells to form colonies in the presence of BrDU would have been substantially impaired if the concomitant introduction of Sox2 deletions would have had a deleterious effect. Indeed, the number of colonies formed by these cell populations was drastically reduced with respect to control samples (infection with TK vectors and an excess of "empty" lentiguide vectors). The few BrDU-resistant colonies detected in the Sox2-targeted populations were all Sox2 positive, indicating that they had escaped Sox2 inactivation (Fig. 3) . A similar experiment using a gRNA directed against the HGPRT gene, whose inactivation leads c Western blot analysis of 202 Cas9 infected with FUCRW-SOX2 and FUCRW-YAP1 lentivirus, respectively, was performed as previously described [8] to thioguanine resistance [18] , gave identical results (not shown).
Thus these results indicate that Sox2 is essential for the survival and proliferation of mOS cells and that, surprisingly, this requirement is not only unique to the CSC population but also applies to the non-CSC, more differentiated cells. In addition to determine the effect of Sox2 inactivation, we thought to test also the requirement for YAP, a Sox2 target gene which is a major effector of the Hippo pathway and plays an important role in the Sox2-mediated antagonism of this pathway [8] [9] [10] [11] [12] . Furthermore, YAP is an important player in the maintenance of stem cell pluripotency [19] . As also shown in Fig. 3 , YAP inactivation produces results identical to that of Sox2. Importantly, inactivation of either YAP or Sox2 in murine fibroblasts has no discernible effect (data not shown), indicating that the requirement for these activities is OS cell-specific. To verify that the effects of Sox2 or YAP deletion were not a peculiarity of the 202 cell line, we introduced Sox2 or YAP gRNAs together with Cas9 into mOS 482 cells using multicistronic lentiviral vectors and compared the results to those obtained with gRNAs targeting the ROSA locus, which is not necessary for cell proliferation or survival. Colony-forming ability was substantially impaired in both 202 and 482 cells following the transduction of YAP or Sox2 gRNAs (Suppl. Figure 1) .
To rule out off-target effects and assess the relative importance of these genes in OS cell maintenance, we assessed whether overexpression of either Sox2 or YAP could rescue cells from the lethality induced by their inactivation (Fig. 4) . While YAP can rescue cells from the result of Sox2 deletion, the opposite was not true, placing YAP downstream of Sox2 in the OS cell survival hierarchy and supporting the notion that YAP is an essential effector of at least the self-renewal function of Sox2 in OS.
The results presented here establish two important notions. They show that Sox2 is essential for tumor initiation in a mouse model of spontaneous OSs, in line with the notion that this transcription factor is a key player in the maintenance of the CSC phenotype and the consequent tumor-forming potential. Indeed, many of the genes that are differentially expressed between the CSC and non-CSC fractions of mOSs are direct Sox2 targets [3, 6, 8, 12] . Sox2 is probably a universal marker and maintenance factor for CSCs. It has been shown to be highly expressed in other solid tumors, including glioblastomas, melanomas, and squamous cell carcinomas [20] [21] [22] [23] [24] [25] [26] [27] , and in experiments similar to those described here, it was shown to be required for the insurgence of the latter type of tumors in a mouse squamous carcinoma model [28, 29] . In the case of OSs, the drastically reduced tumor incidence and the absence of Sox2-negative tumors in mice with an osteoblast-specific KO of the Sox2 gene bears out our initial hypothesis that Sox2 is indispensible for sarcomagenesis. However, the finding that Sox2 deletion by CRISPR/CAS technology abolishes the ability of OS cells to proliferate and form colonies was intriguing and somewhat unexpected. Sox2 or YAP are not essential genes for cell proliferation and indeed their inactivation in murine fibroblasts has no effect (data not shown). It is likely that OS cells have become "addicted" to a gene expression cascade, which is initiated by Sox2 and includes induction of YAP expression. Interestingly, Sox2 deletion seems to affect equally the survival of the CSC and non-CSC populations, and the same is true of the YAP deletion. Thus the expression of these two genes is required for the survival and proliferation of all cells in the OS cell line. This result is somewhat at odds with the notion [6, 8] that Sox2 (and YAP) expression only maintains the CSC population. Clearly this was not the case, as apparently the low levels of Sox2 expression that are detected in the non-CSC population are still required for their viability and proliferation.
The observation that deletion of the Sox2 target YAP gene has the same effect as deletion of Sox2 indicates that the Sox2-mediated antagonism of the Hippo pathway is very important for the maintenance of the proliferation and tumorigenicity of OS cells. Importantly, the fact that the expression of these genes is crucial for both the CSC and the non-CSC populations suggest that, in spite of the different tumorigenicity of the two cell types, these cells share important properties and requirements that probably reflect the origin of the non-CSC from the CSC fraction by asymmetric division [30] . In this view, the original transformed clone is an adult stem cell that is the target of an oncogenic event, which transforms it into a cancer cell that maintains stem cell properties. Its progenitor-like descendants lose tumorigenicity together with other stem cell properties but are still capable of indefinite self-renewal, a property that may require Sox2 activation of specific genes but not antagonism of the Hippo pathway, which requires very high levels of Sox2 expression. As discussed above, the loss of viability of OS cells following Sox2 inactivation resembles the behavior of immature osteoblasts/osteoprogenitors that also lose viability upon Sox2 deletion [15] . Sox2 is required therefore for the viability of adult stem cells as well of the CSCs which originate from them.
The finding that Sox2 and YAP are required for the proliferation of the CSC as well of the non-CSC portion of the OS cell population highlight the common origin of these two cell types and the notion that the differences between CSC and non-CSC in solid tumors has perhaps been overly emphasized. These results and the lack of tumors in a mouse model of OSs in the absence of SOX2 strongly indicate that drugs that interfere with the activity of these two transcription factors would be very effective in targeting and killing the entire tumor cell population in OSs and perhaps other cancers.
